The X chromosome-linked inhibitor of apoptosis protein (XIAP) is the most potent intrinsic caspase inhibitor and plays an important role in the
INTRODUCTION
In response to stressful environmental conditions, mammalian cells elicit rapid changes in gene expression patterns to regulate their survival, adapt to stress and maintain homeostasis (1) . In addition to the stressmodulated gene transcription, changes in posttranscriptional regulation, particularly altered mRNA turnover and translation, also potently affect the steady state levels of many transcripts and the levels of the encoded proteins (2, 3) . An increasing body of evidence indicates that post-transcriptional fate of a given mRNA is primarily controlled by the interaction of specific mRNA sequences (cis elements) with specific trans-acting factors such as RNA binding proteins (RBPs) (3, 4) and microRNAs (5) . Ribonucleoprotein (RNP) associations regulate the intracellular transport of the mRNA and its association with the translation and decay machineries (6) . Many labile mRNAs contain relatively long 3 0 -untranslated regions (UTRs) bearing U-and AU-rich elements (AREs) that function as determinants of mRNA stability and translation (7) (8) (9) (10) . Among the RBPs that regulate specific subsets of mRNAs, there are several RBPs that modulate mRNA turnover (HuR, NF90, AUF1, BRF1, TTP and KSRP) and RBPs that modulate translation (HuR, TIAR, NF90 and TIA-1), collectively known as translation and turnover regulatory (TTR)-RBPs (11) (12) (13) . In cells responding to proliferative, immune and stress-causing stimuli, TTR-RBPs bind to the specific sequences in the 5 0 -and 3 0 -UTRs of collections of target mRNAs and govern their turnover and translation rates (1, 3) .
HuR is one of the best studied TTR-RBPs. It has two N-terminal RNA-recognition motifs (RRMs) with high affinity for AREs followed by a nucleocytoplasmic shuttling sequence and a C-terminal RRM that recognizes the poly(A) tail (14) (15) (16) . Although the exact mechanism underlying target mRNA stabilization and translation by HuR is poorly understood, this process is intimately associated with the cytoplasmic presence of the HuR RNP. In unstimulated cells, HuR is predominantly located in the nucleus, but it rapidly translocates to the cytoplasm, where it directly interacts with and stabilizes specific mRNAs and/or variably affects their translation in response to various stimuli (17) . Recent studies (18) (19) (20) (21) have demonstrated that HuR plays a critical role in the regulation of normal intestinal mucosal tissue homeostasis by modulating intestinal epithelial cell (IEC) proliferation and apoptosis. These studies further revealed that the nucleocytoplasmic shuttling of HuR in IECs is tightly regulated by the levels of cellular polyamines (spermidine, spermine and their precursor putrescine). Decreasing cellular polyamines elevate cytoplasmic HuR levels, whereas elevating polyamines decrease cytoplasmic HuR; neither intervention alters whole cell HuR levels (21) . HuR has been increasingly recognized as a key regulator of post-transcriptional gene regulation involved in maintaining the intestinal epithelial integrity, but its downstream target transcripts in IECs remain to be fully investigated.
The X chromosome-linked inhibitor of apoptosis protein (XIAP), a membrane of the IAP family, is associated with cell survival by protecting cells from caspase-mediated apoptosis (22) (23) (24) (25) . Eight human IAP isoforms have been identified to date, and the antiapoptotic action of XIAP, cytosolic IAP (cIAP-1 and -2) and survivin have been characterized (22, 26) . XIAP is the most potent and best studied endogenous caspase inhibitor that blocks both the initiator and effector caspases. Besides regulating apoptosis, XIAP is also involved in other important cellular processes such as receptormediated signaling, cell cycle progression and protein ubiquitination (27, 28) . Given its distinct roles in various cellular functions, XIAP expression is tightly regulated at multiple levels, transcriptionally, post-transcriptionally and post-translationally. It has been shown that the stress-inducible transcriptional activator NF-kB enhances XIAP gene transcription in endothelial cells, and this mechanism also regulates expression of the other IAP genes (29, 30) . The levels of XIAP and other IAPs are further regulated by ubiquitin-mediated proteolysis (31, 32) . In addition, XIAP is also uniquely regulated at the level of protein synthesis (22, 23) . There is a strong internal ribosome entry site (IRES) within the XIAP 5 0 -UTR, and the IRES-dependent XIAP translation allows its protein to be continuously synthesized under conditions in which global translation is shut off (33) . However, little is known about the regulation of XIAP mRNA stability.
An en masse search for HuR target mRNAs (34) identified the XIAP mRNA as a putative HuR target and computationally detected several hits of the HuR signature motif in the XIAP 3 0 -UTR and coding region (CR). Here, we set out to study if HuR binds the XIAP mRNA, and to elucidate the functional consequences of this interaction. Given our long-standing interest in understanding polyamine functions in gut mucosal homeostasis, we studied the influence of HuR on XIAP mRNA stability as a function of polyamine levels. HuR was found to associate with the XIAP mRNA and enhanced its stability. Moreover, polyamine depletion increased the cytoplasmic HuR levels, the abundance of [HuR/XIAP mRNA] complexes, the half life of XIAP mRNA and the steady state levels of XIAP. In turn, the HuR-elevated XIAP suppressed IEC apoptosis, as silencing XIAP or HuR sensitized IEC cells to apoptotic cell death.
MATERIALS AND METHODS

Chemicals and cell culture
Tissue culture medium and dialyzed fetal bovine serum were from Invitrogen (Carlsbad, CA, USA) and biochemicals were from Sigma (St Louis, MO, USA). The antibodies recognizing HuR and b-actin were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and the secondary antibody conjugated to horseradish peroxidase was purchased from Sigma. The antibody against XIAP was obtained from BD Bioscience, while anti-EGFP antibody was from Clontech (Mountain View, CA, USA). a-Difluoromethylornithine (DFMO) was from Genzyme (Cambridge, MA, USA).
The IEC-6 cell line, derived from normal rat intestinal crypt cells (35) , was used at passages 15-20; and cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5% heat-inactivated fetal bovine serum. Stable Cdx2-transfected cells (IECCdx2L1) were developed and characterized by Suh and Traber (36) and were a kind gift from Dr Peter G. Traber (Baylor College of Medicine, Houston, TX, USA). The expression vector, the LacSwitch System (Stratagene, La Jolla, CA, USA), was used for directing the conditional expression of the Cdx2 gene, and IPTG served as the inducer for the gene expression. Before experiments, IECÀCdx2L1 cells were grown in DMEM containing 4 mM IPTG for 16 days to induce cell differentiation as described earlier (37, 38) .
Recombinant virus construction and reporter plasmids
Recombinant adenoviral plasmids containing human HuR were constructed by using the Adeno-X Expression System according to the protocol provided by the manufacturer (Clontech). Briefly, the full-length cDNA of human wild-type HuR was cloned into the pShuttle by digesting the BamHI/HindIII and ligating the resultant fragments into the XbaI site of the pShuttle vector (19) . pAdeno-HuR (AdHuR) was constructed by digesting the pShuttle construct with PI-SceI/I-CeuI and ligating the resultant fragment into the PI-SceI/I-CeuI sites of the pAdeno-X adenoviral vector. Recombinant adenoviral plasmids were packaged into infectious adenoviral particles by transfecting human embryonic kidney (HEK)-293 cells using LipofectAMINE Plus reagent (Gibco-Bethesda Res Lab, Gaithersburg, MD, USA). Titers of the adenoviral stock were determined by standard plaque-forming assay. Recombinant adenoviruses were screened for the expression of the introduced gene by western blot analysis using anti-HuR antibody. pAdeno-X, which was the recombinant replicationincompetent adenovirus carrying no HuR cDNA insert (Adnull), was grown and purified as described above and served as a control adenovirus. Cells were infected with AdHuR or Adnull, and expression of HuR was assayed at 24 or 48 h after the infection.
The EGFP reporter constructs, pEGFP-N1 and pEGFP-C1 (BD Bioscience), were used for measurement of XIAP CR and 3 0 -UTR activity. The complete XIAP CR without start codon was amplified by PCR using primers GCGAATTCACTTTTA-ACAGTTTTGAAGG ATCT and CCGGTACCGCTTGAACGTAATGACTG TG, and the resulting PCR fragment was cloned upstream of the EGFP CR in plasmid pEGFP-N1. The XIAP 3 0 -UTR was amplified by PCR using primers GC GAATTCTTAATCCAG-CACCACAGTAGGCATGT and CCGGTACCTATACATAGTATATCTGTGAT, and the PCR fragment was cloned downstream of the EGFP CR in plasmid pEGFP-C1. Transient transfections were performed using the Lipofectamine TM reagent following the manufacturer's instructions (Invitrogen). The levels of EGFP expressed from these constructs were examined by western blot analysis.
RNA interference
The silencing RNA duplexes that were designed to specifically cleave HuR mRNA were synthesized and transfected into cells as described previously (21) . The sequence of small interfering RNA (siRNA) that specifically targets HuR mRNA (siHuR) was AACACGCTGA ACGGCTTGAGG; while the sequence of control siRNA (C-siRNA) was AAGTGTAGTAGATCACCAGGC. The siRNA that was designed to specifically cleave XIAP mRNA (siXIAP) was CAGCAGTCCTGTTTCA GCATCAACA, whereas the sequence of its C-siRNA was CAGCTGGTCTTTGACTACACCAACA. For each 60-mm cell culture dish, 15 ml of the 20 mM stock duplex siHuR, siXIAP or C-siRNA was mixed with 300 ml of Opti-MEM medium (Invitrogen). This mixture was gently added to a solution containing 15 ml of LipofectAMINE 2000 in 300 ml of Opti-MEM. The solution was incubated for 20 min at room temperature and gently overlaid onto monolayers of cells in 3 ml of medium, and cells were harvested for various assays after 48 h later.
Western blot analysis
Whole-cell lysates were prepared using 2% SDS, sonicated and centrifuged (12 000 r.p.m.) at 4 C for 15 min. The supernatants were boiled for 5 min and size-fractionated by SDSÀPAGE (7.5% acrylamide). After transferring proteins onto nitrocellulose filters, the blots were incubated with primary antibodies recognizing XIAP, HuR or EGFP; following incubations with secondary antibodies, immunocomplexes were developed by using chemiluminescence.
Reverse transcription-PCR and real-time PCR analysis
Total RNA was isolated by using RNeasy mini kit (Qiagen, Valencia, CA, USA) and used in reverse transcription (RT) and PCR amplification reactions as described (19) . PCR primers for detecting rat XIAP mRNA (CR) were 5 0 -CTTTCCCAACTGCTTCTTCG-3 0 (sense) and 5 0 -CGCCTTAGCTGCTCTTCAGT-3 0 (antisense). The levels of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) PCR product were assessed to monitor the evenness in RNA input in RTÀPCR samples. Real-time quantitative PCR (qPCR) analysis was performed using 7500-Fast real-time PCR systems with specific primers, probes and software (Applied Biosystems, Foster City, CA, USA).
Biotin pull down assays
The synthesis of biotinylated transcripts and analysis of RBPs bound to biotinylated RNA were done as previously described (39) 0 were used. All sequences of oligonucleotides for preparation of various short RNA probes for mapping the XIAP CR and 3 0 -UTR were described in Supplementary Table S1 . PCR-amplified products were used as templates to transcribe biotinylated RNAs by using T7 RNA polymerase in the presence of biotin-cytidine 5 0 -triphosphate as described in Xiao et al. (19) . Biotinylated transcripts (6 mg) were incubated with 120 mg of cytoplasmic lysates for 30 min at room temperature. Complexes were isolated with paramagnetic streptavidin-conjugated Dynabeads (Dynal, Oslo, Norway) and analyzed by western blot analysis.
RNP immunoprecipitation assays
To assess the association of endogenous HuR with endogenous XIAP mRNA, immunoprecipitation (IP) of RNP complexes were performed as described (34, 21) . Twenty million cells were collected per sample, and lysates were used for IP for 4 h at room temperature in the presence of excess (30 mg) IP antibody (IgG or antiHuR). RNA in IP materials was used in RT followed by PCR and RTÀqPCR analysis to detect the presence of XIAP and GAPDH mRNAs.
Immunofluorescence staining
Immunofluorescence was performed as described in Vielkind and Swierenga (40) with minor changes (21) . Cells were fixed using 3.7% formaldehyde, and the rehydrated samples were incubated overnight at 4 C with primary antibody against XIAP diluted 1:300 in blocking buffer and then incubated with secondary antibody conjugated with Alexa Fluor-594 (Molecular Probes, Eugene, OR, USA) for 2 h at room temperature. After rinsing, slides were incubated with 1 mM TO-PRO3 (Molecular Probes) for 10 min to stain nuclei, rinsed again, mounted and viewed through a Zeiss confocal microscope (model LSM410). Images were processed using PhotoShop software (Adobe, San Jose, CA, USA).
Assays for ODC enzyme activity and cellular polyamine content ODC activity was determined by radiometric technique in which the amount of 14 CO 2 liberated from L- [1- 14 C]ornithine was estimated (41) , and enzymatic activity was expressed as picomole of CO 2 per milligram of protein per hour. The cellular polyamine content was analyzed by high-performance liquid chromatography as described previously (42) . After 0.5 M perchloric acid was added, the cells were frozen at À80 C until ready for extraction, dansylation and HPLC analysis. The standard curve encompassed 0.31-10 mM. Values that fell >25% below the curve were considered as undetectable. The results are expressed as nanomoles of polyamines per milligram of protein.
Statistics
Values are mean ± SE from three to six samples. Immunoblotting and immunofluorescence staining were repeated three times. The significance of the difference between means was determined by analysis of variance. The level of significance was determined using Duncan's multiple range test (43) .
RESULTS
HuR directly interacts with the XIAP mRNA via AREs
There are three computationally predicted hits of the HuR motif in the XIAP 3 0 -UTR ( Figure 1A ) and five potential HuR hits in the XIAP CR (Supplementary Table S2 ), suggesting that XIAP mRNA might be a direct target of HuR. We first examined if XIAP mRNA associated with HuR by performing RNP-IP assays using anti-HuR antibody under conditions that preserved RNP integrity (44) . The interaction of XIAP mRNA with HuR was examined by isolating RNA from the IP material and subjecting it to RT, followed by either conventional PCR or real-time qPCR analyses. As shown in Figure 1B , the XIAP PCR products were highly enriched in HuR samples compared with control IgG samples in both parental IEC-6 and differentiated IEC-Cdx2L1 cells. The enrichment of c-Myc PCR product was also examined and served as a positive control (data not shown), since c-Myc mRNA is a target of HuR (18), while the amplification of GAPDH PCR products, found in all samples as low-level contaminating housekeeping transcripts (not HuR targets), served to monitor the evenness of sample input, as reported previously (39, 45) . HuR interacted specifically with XIAP mRNA, as mRNAs encoding other members of the IAP family (c-IAP1 and c-IAP2 mRNAs) were undetectable in HuR IP samples (data not shown).
[HuR/XIAP mRNA] associations were further tested by 0 -UTR, CR, or 3 0 -UTR for 30 min at 25 C, and the resulting RNP complexes were pulled down by using streptavidin-coated beads. The presence of HuR or TIAR in the pull down material was assayed by western blotting. b-Actin in the pull down material was also examined and served as a negative control. Three experiments were performed that showed similar results. using biotinylated transcripts that spanned the XIAP mRNA regions shown in Figure 1C (schematic). Following incubation with cytoplasmic lysates, the interaction between the biotinylated XIAP transcripts and HuR was examined by biotin pull down followed by western blot analysis (44, 21) . As shown, the XIAP 3 0 -UTR transcripts readily associated with HuR in parental IEC-6 cells and differentiated IEC-Cdx2L1 cells. HuR did not interact with a 330-bp region of the XIAP 5 0 -UTR immediately upstream of AUG in either cell line, but we could not rule out that HuR may interact further upstream, as the XIAP 5 0 -UTR is >5 kb in length. However, it did show prominent binding to the XIAP CR. The RBP TIAR also formed complexes with the XIAP 3 0 -UTR but not with its CR or 5 0 -UTR. Neither the XIAP 3 0 -UTR nor its CR interacted with b-actin, included here as a negative control.
To determine if HuR binds to specific regions of the XIAP CR and 3
0 -UTR, we tested different segments of the XIAP CR and 3 0 -UTR. Partial biotinylated transcripts spanning the XIAP CR (spanning positions 332-1821) were prepared as shown in Figure 2A (schematic), and their associations with HuR were tested in pull down assays. HuR was found to specifically bind to the fragment CR-F2, the transcript which contained one hit of the HuR signature motif. In contrast, there was no detectable binding of HuR to fragments CR-F1 and CR-F5 (which lacked putative HuR hits) or fragments CR-F3, CR-F4 and CR-F6 (which contained several predicted HuR hits); in contrast, all CR fragments of XIAP mRNA failed to bind to TIAR. To identify the specific HuR binding sites in the XIAP 3 0 -UTR, different biotinylated transcripts spanning the XIAP 3 0 -UTR (spanning positions 1822-2469) were prepared ( Figure  2B , schematic). HuR formed much more prominent complexes with the fragment 3 0 -F4 (containing one predicted HuR hit) than with other XIAP 3 0 -UTR fragment. HuR bound 3 0 -F2 and 3 0 -F5 fragments (containing predicted HuR hits) slightly, while HuR did not bind 3 0 -F1 or 3 0 -F3 fragments, which lacked potential HuR hits. This strong binding affinity of the fragment 3 0 -F4 for HuR was specific, because TIAPs were found to bind to 3 0 -F3 and 3 0 -F5 fragments but not to the 3 0 -F4. Although these assays do not demonstrate the interaction of HuR with XIAP in intact cells, they support the notion that HuR can specifically associate with the endogenous XIAP mRNA and with in vitro biotinylated XIAP RNA, and that these interactions occur at the XIAP 3 0 -UTR and CR segments containing predicted HuR interaction sites.
[HuR/XIAP mRNA] associations enhance the stability of XIAP mRNA
To determine the functional consequences of [HuR/XIAP mRNA] associations, HuR levels were reduced by siRNA targeting the HuR mRNA (siHuR). These specific siHuR nucleotides were designed to reduce rat HuR mRNA and to have a unique combination of specificity, efficacy and low toxicity (18, 19) . IEC-6 cells transfected with siHuR showed <20% of HuR levels as compared with the levels seen in the control group and cells transfected with C-siRNA ( Figure 3A) ; this reduction was specific, as other RBPs such as TIAR were not affected in HuRsilenced populations (data not shown). Importantly, HuR silencing significantly reduced XIAP protein ( Figure 3A , 0 -UTR biotinylated transcripts used in this study. Three experiments were performed that showed similar results. middle) and its mRNA levels ( Figure 3B ). To ascertain if the reduction in the XIAP expression in HuR-silenced populations was due to destabilization of XIAP mRNA, we first examined changes in the half life of XIAP mRNA after silencing HuR. As shown in Figure 3C , silencing HuR destabilized XIAP mRNA, because the XIAP mRNA half life was reduced in HuR-silenced populations ($160 min) compared with those measured in controls ($305 min) and in cells transfected with C-siRNA ($318 min). Second, we determined if HuR regulates the stability of XIAP mRNA by interacting with its 3 0 -UTR, CR or both. We prepared reporter constructs that expressed chimeric RNA containing the EGFP and XIAP 3 0 -UTR or XIAP CR ( Figure 3D) (32,33) .
HuR silencing reduced the XIAP mRNA levels by inhibiting the interaction of HuR with both the XIAP 3 0 -UTR and its CR, since the levels of EGFP mRNA ( Figure 3E ) and protein ( Figure 3F ) expressed from both pEGFP-XIAP 3 0 -UTR and pEGFP-XIAP CR were decreased in HuR-silenced populations of cells. We also examined changes in EGFP levels when cells were transfected with the control pEGFP vectors; as shown, HuR silencing failed to reduce levels of EGFP mRNA and protein expressed from the pEGFP-C1 (without XIAP 3 0 -UTR) and from pEGFP-N1 (without XIAP CR). Taken together, these results strongly support the notion that HuR regulates the stability of XIAP mRNA by interacting with both its 3 0 -UTR and CR. (E) Levels in reporter EGFP mRNA in cells that were processed as described in (A). Cells were transfected with the constructs described in (D), and 48 h later, the levels of EGFP mRNA expressed from control plasmids (pEGFP-C1; and pEGFP-N1) and pEGFP-XIAP 3 0 -UTR (pE-3 0 -UTR) or pEGFP-XIAP CR (pE-CR) constructs were tested by RT-qPCR analysis. Values are mean ± SE of data from triplicate experiments. *P < 0.05 compared with cells transfected with C-siRNA. (F) Levels in reporter EGFP protein as measured by western blot analysis in cells that were processed as described in (A). Three separate experiments were performed that showed similar results.
To further define the role of HuR in regulating XIAP mRNA stability, we examined the effect of overexpressing the wild-type HuR upon the half life of XIAP mRNA. The adenoviral vector containing the corresponding HuR cDNA under the control of the human cytomegalovirus immediate to early gene promoter (AdHuR) was generated as described in Abdelmohsen et al. (39) . The adenoviral vectors used in this study infect IECs with nearly 100% efficiency (19, 41 and data not shown). Infection with the AdHuR increased the levels of cytoplasmic and total HuR protein dramatically and also enhanced expression of XIAP ( Figure 4A , middle, Figure 3C . Values are the mean ± SE from triplicate samples. *P < 0.05 compared with cells infected with Adnull. (D) Levels of reporter EGFP mRNA in cells overexpressing HuR. After cells were transfected with one of the EGFP reporter constructs and infected with AdHuR or Adnull for 48 h, the levels of EGFP mRNA expressed from control plasmids (pEGFP-C1; and pEGFP-N1) and pEGFP-XIAP 3 0 -UTR (pE-3 0 -UTR) or pEGFP-XIAP CR (pE-CR) constructs were tested by RT-qPCR analysis. Values are the mean ± SE of data from triplicate experiments. *P < 0.05 compared with cells infected with Adnull. (E) The half life of the EGFP mRNA expressed from the pE-3 0 -UTR or pE-CR in cells described in (D). Data were normalized to GAPDH mRNA levels; *P < 0.05 compared with cells infected with Adnull. (F) Levels of reporter EGFP protein in cells described in (D). EGFP levels were examined by western blot analysis; equal loading was monitored by b-actin levels. and B) significantly. Ectopic HuR expression increased the XIAP mRNA half life ( Figure 4C ), and this stimulatory effect is also mediated through HuR interaction with both the XIAP mRNA 3 0 -UTR and CR. HuR over expression increased reporter EGFP mRNA levels expressed from both the pEGFP-XIAP 3 0 -UTR and pEGFP-XIAP CR ( Figure 4D ), associated with enhanced EGFP mRNA stability ( Figure 4E ) and resulting in increased EGFP proteins ( Figure 4F ). In contrast, neither HuR protein levels nor XIAP expression were altered by infection with the control adenovirus (Adnull). These results indicate that HuR overexpression enhances XIAP expression by stabilizing the XIAP mRNA.
Polyamine depletion induces [HuR/XIAP mRNA] complexes enhancing XIAP mRNA stability
The natural polyamines (spermidine, spermine and their precursor putrescine) are ubiquitous, small basic molecules and are crucial for maintaining the intestinal epithelial integrity under biological conditions (47) (48) (49) . Our previous studies showed that polyamines regulate XIAP expression in IECs (50), but the exact mechanism underlying this process remains unknown. Therefore, we examined if HuR plays a role in the regulation of XIAP expression by polyamines. Consistent with our previous studies (19, 51) , exposure of IEC-6 cells to 5 mM DFMO for 4 days completely inhibited ODC enzyme activity (the first rate-limiting step for polyamine biosynthesis) and almost totally depleted cellular polyamines. Putrescine and spermidine were undetectable by 4 days of continuous treatment with DFMO, and spermine had decreased by $60% (data not shown). As reported in our previous studies (20, 21) , polyamine depletion by DFMO also increased cytoplasmic HuR levels, although it did not change whole-cell HuR levels ( Figure 5A ). Supplementation with putrescine reversed the DFMO-triggered changes in HuR subcellular distribution, as spermidine supplementation did (data not shown). To monitor the quality of the cytoplasmic preparation, we examined the levels of b-tubulin (a cytoplasmic protein) and lamin B (a nuclear protein). Assessment of these markers revealed that there was no significant contamination of nuclear proteins in the cytoplasmic fractions. Based on these observations, we hypothesized that HuR association with the XIAP mRNA would increase in the cytoplasm following polyamine depletion. To test the possibility, two experiments were performed. First, we used biotinylated transcripts spanning the XIAP 3 0 -UTR or CR in RNA pull down assays using cell lysates prepared from either untreated or polyamine-deficient cells. Polyamine depletion increased HuR association with XIAP mRNA, and this induction was mediated through both XIAP 3 0 -UTR and CR ( Figure 5B ). The binding intensity increased significantly while using lysates prepared from cells that were treated with DFMO for 4 days, but was reduced when cells had been treated with DFMO plus putrescine. Second, we examined the in vivo association of endogenous XIAP mRNA with endogenous HuR following polyamine depletion as measured by RNP IP followed by RTÀqPCR analysis. As shown in Figure 5C , the days. Whole-cell and cytoplasmic lysates were prepared and subjected to SDS-PAGE. After detecting HuR, blots were reprobed to detect btubulin and lamin B in cytoplasmic and actin in whole-cell lysates to control for the quality of the fractionation procedure and the even loading of samples. (B) Representative HuR immunoblots using the biotin pull down materials from the XIAP 3 0 -UTR (a) or XIAP CR (b) in cells that were processed as described in (A). After cytoplasmic lysates were incubated with biotinylated XIAP 3 0 -UTR or CR, the resulting RNP complexes were pulled down; and levels of HuR and b-actin proteins in pull down materials were examined by western blotting. Three experiments were performed that showed similar results. (C) Association of endogenous HuR with endogenous XIAP mRNA in cells described in (A). Whole-cell lysates from all three groups were used for IP in the presence of anti-HuR antibody or nonspecific IgG1. Levels of XIAP and GAPDH mRNAs in the IP materials were examined by RT-PCR analysis (left) and RT-qPCR analysis (right). Values are the mean ± SE of data from three separate experiments. *P < 0.05 compared with control cells and cells exposed to DFMO plus Put. association of endogenous XIAP mRNA with endogenous HuR was also increased in cells treated with DFMO, but decreased while testing lysates from cells treated with DFMO plus putrescine. The XIAP mRNA was undetectable in nonspecific IgG1 IPs in all three groups. These results indicate that decreasing cellular polyamines increase HuR association with the XIAP mRNA in IECs.
The induction in [HuR/XIAP mRNA] complexes in polyamine-deficient cells was associated with an increase in XIAP expression. The steady state levels of XIAP mRNA ( Figure 6A ) and protein ( Figure 6B ) increased significantly in cells treated with DFMO for 4 days, but this induction was completely prevented by addition of exogenous putrescine. To test if the increased XIAP mRNA levels by polyamine depletion were instead influenced by changes in mRNA turnover, we measured the half life of XIAP mRNA in different polyamine levels. As shown in Figure 6C , depletion of cellular polyamines by DFMO increased the stability of XIAP mRNA, which was prevented by exogenous putrescine. The half life of XIAP mRNA in cells exposed to DFMO plus putrescine was similar to that of control cells ( Figure 6D ). The results presented in Figure 6E and F further showed that polyamine depletion enhanced XIAP expression through a process involving both the XIAP 3 0 -UTR and CR. There were significant increases in the levels of reported EGFP expressed from the pEGFP-XIAP 3 0 -UTR and pEGFP-XIAP CR constructs in polyamine-deficient cells compared with those observed in control cells. On the other hand, there were no significant differences in the levels of EGFP expressed from the control vectors pEGFP-C1 and pEGFP-N1 between control cells and DFMO-treated cells (data not shown). These findings strongly suggest that polyamine depletion increases XIAP expression by inducing XIAP mRNA stability.
To further define the putative role of induced [HuR/ XIAP mRNA] association in the induction of XIAP mRNA stability following polyamine depletion, siHuR was used to reduce HuR levels in DFMO-treated cells. Transfection with siHuR not only potently silenced HuR expression ( Figure 7A ) but also attenuated the increased stability of XIAP mRNA ( Figure 7B ) and its induced protein levels in polyamine-deficient cells. The half life of XIAP mRNA and XIAP protein content in DFMOtreated cells transfected with siHuR was similar to those observed in control cells (without DFMO). Results presented in Figure 7C also show that HuR silencing prevented the induced XIAP expression in polyaminedeficient cells by reducing the interaction of HuR with both the XIAP 3 0 -UTR and CR, as evidenced by a decrease in levels of reporter EGFP expressed from both the pEGFP-XIAP 3 0 -UTR and the pEGFP-XIAP CR. In addition, induced XIAP immunostaining following polyamine depletion was predominantly located in the cytoplasm ( Figure 7D ), whereas HuR silencing prevented the increase in XIAP signal, rendering the subcellular localization patterns identical to those seen in control cells. Together, these findings indicate that polyamine depletion enhances XIAP expression by inducing [HuR/ XIAP mRNA] association. Values are mean ± SE of data from three separate experiments, and relative levels of XIAP mRNA were normalized to the amount of GAPDH (optical density of XIAP mRNA/optical density of GAPDH mRNA). (E) Levels in reporter gene EGFP protein in cell that were processed as described in (A). After cells were exposed to DFMO for 2 days, they were transfected with the pEGFP-XIAP 3 0 -UTR or pEGFP-XIAP CR constructs and then cultured for additional 48 h in the presence of DFMO. The levels of EGFP expressed from the pEGFP-XIAP 3 0 -UTR or pEGFP-XIAP CR were tested by western blotting. (F) Quantitative densitometric analysis of EGFP immunoblots described in (E). Values are mean ± SE of data from three separate experiments. *P < 0.05 compared with controls.
Induced XIAP plays an important role in the induced resistance of polyamine-deficient cells to apoptosis
To investigate the physiological consequences of inducing endogenous XIAP by HuR following polyamine depletion, we examined the possible involvement of this process in regulating IEC apoptosis. Our previous studies (52, 53) and the work of others (49, 54, 55) have shown that polyamines regulate apoptosis through multiple signaling pathways, and that polyamine depletion promotes resistance to apoptosis in normal IECs. Here, we first examined the spontaneous apoptotic cell death without any challenge of apoptotic stimulators after inhibition of XIAP expression by using siRNA targeting XIAP mRNA (siXIAP) or siHuR in the absence of cellular polyamines. Transient transfection with the siXIAP or siHuR prevented the increased expression of XIAP in polyamine-deficient cells ( Figure 8A ) but failed to directly induce apoptosis in polyamine-deficient cells ( Figure 8B , left) or normal cells (data not shown). There were no apparent differences in cell viability in DFMOtreated cells transfected with C-siRNA compared with DFMO-treated cells transfected with siXIAP or siHuR. Second, we determined whether XIAP silencing altered the polyamine depletion-mediated resistance to apoptosis elicited by treatment with tumor necrosis factor-a (TNF-a) plus cycloheximide (CHX). This apoptotic model was chosen because TNF-a/CHX-induced apoptosis is widely accepted as a form of programmed cell death induced by a biological apoptotic inducer in IECs (49) (50) (51) (52) (53) (54) . TNF-a is a proinflammatory cytokine and it has a potent cytotoxic effect on IECs, especially when protein synthesis is inhibited (52, 56) . Because increased release of TNF-a in the gut mucosa occurs commonly together with reduced protein synthesis under various physiological and pathological conditions, this apoptosis model is especially applicable to the in vivo condition and was chosen for our study. As shown in Figure 8Ba , when control cells were exposed to TNF-a/CHX for 4 h, morphological features characteristic of programmed cell death were observed; and annexin V staining showed significant phosphatidylserine presence in the cell membrane, a classic indicator of apoptotic cells (Figure 8Ba, right) . Consistent with our previous studies, exposure of polyamine-deficient cells to the same doses of TNF-a/ CHX caused no apoptosis; likewise, there were no differences in the morphological features and percentages of apoptotic cells when comparing cells treated with DFMO alone and DFMO-treated cells exposed to TNFa/CHX for 4 h (52,53 and data not shown). This increased resistance to TNF-a/CHX-induced apoptosis was not altered when polyamine-deficient cells were transfected with C-siRNA (Figure 8Bb ), but it was lost when XIAP Figure 7 . Effect of HuR silencing on XIAP expression and its mRNA stability in polyamine-deficient cells. (A) Representative HuR and XIAP immunoblots. After cells were grown in cultures containing DFMO for 2 days, they were transfected with either siHuR or C-siRNA, and whole-cell lysates were harvested 48 h thereafter. The levels of HuR and XIAP proteins were measured by western blot analysis, and equal loading was monitored by b-actin immunoblotting. (B) Half life of the XIAP mRNA in cells that were transfected and treated as described in (A). Total cellular RNA was isolated at the indicated times after administration of actinomycin D, and the remaining levels of XIAP and GAPDH mRNAs were measured by RT-qPCR analysis. Values are mean ± SE from triplicate samples. *P < 0.05 compared with control cells and DFMO-treated cells transfected with siHuR. (C) Levels of reporter EGFP protein in cells that were processed as described in (A). After cells were exposed to DFMO for 2 days, they were co-transfected with the siHuR or C-siRNA with the pEGFP-XIAP 3 0 -UTR or pEGFP-XIAP CR. Levels of EGFP were examined 48 h after co-transfection. Three separated experiments were performed that showed similar results. Figure  8C ) in DFMO-treated cells transfected with siXIAP or siHuR were significantly increased compared with those observed in DFMO-treated cells transfected with C-siRNA after exposure to TNF-a/CHX. Third, we further examined changes in TNF-a/CHX-induced apoptosis after ectopic HuR overexpression in XIAPsilenced cells. As shown in Figure 9 , HuR overexpression protected IEC-6 cells against TNF-a/CHX-induced apoptosis, but this protective effect was reduced by XIAP silencing. The numbers of apoptotic cells in HuRexpressing populations were lower than those observed in groups infected with Adnull after exposure to TNF-a/ CHX. HuR-mediated protection was unaltered by transfection with C-siRNA ( Figure 9B , middle), but it was reversed by XIAP silencing (Figure 9B, bottom) . The percentage of apoptotic cells in XIAP-silenced cells infected with AdHuR increased remarkably after exposure to TNF-a/CHX ( Figure 9C ). In addition, inhibition of XIAP expression in normal cells (without DFMO) by siXIAP or siHuR also potentiated the TNF-a/CHXinduced apoptosis (Supplementary Figure S1) . Taken together, these results indicate that the HuR-mediated increase in XIAP expression contributes to an increase in resistance to apoptosis following polyamine depletion.
DISCUSSION
As XIAP is essential for cell survival by directly blocking caspase activity under conditions of cellular stress, its expression is tightly regulated by numerous factors at multiple levels (26, 57, 58) . Our previous study (50) shows that XIAP is implicated in the regulation of apoptosis in normal IECs and plays a critical role in homeostasis in the intestinal epithelium, but the exact mechanisms that influence XIAP expression have not been investigated. This regulatory effect of XIAP on IEC apoptosis is particularly important because the intestinal epithelium has the most rapid turnover rate of any tissues in the body (59) and because maintenance of the intestinal epithelial integrity depends on a dynamic balance between cell proliferation and apoptosis (49, 60, 61) . In the present study, we highlight a novel function of the RBP HuR in the regulation of XIAP expression and therefore in intestinal epithelial integrity. We found that HuR bound the XIAP mRNA by interacting with both its 3 0 -UTR and CR and affected the stability of the XIAP transcript. The results presented here also provide insight into the molecular regulation of An important conclusion from our analysis is that HuR can interact with the XIAP CR ( Figure 2 ) at a segment spanning positions 575-880, which contains a predicted hit of the HuR signature motif. HuR also binds various segments of the XIAP 3 0 -UTR, which also bears several predicted hits of the HuR signature motif. It is important to note that we did not identify the specific XIAP CR or 3 0 -UTR nucleotides with which HuR interacts, which would require more specialized biochemical, crystallographic and molecular methods than those used here. Virtually in all HuR target mRNAs (8, 9) , binding has been localized to the 3 0 -UTR, with a few exceptions, such as the HIF-1a and p27 mRNAs, where binding was mapped to the 5 0 -UTR (62, 63) . In this regard, the binding of HuR to the XIAP CR and the consequences of this interaction on XIAP expression suggest that HuR could control the expression of a target mRNA through the CR. Prechtel and colleagues (64) reported that HuR specifically binds to a novel CR element in the CD83 mRNA and regulates its cytoplasmic accumulation, leading to its enhanced translation. Other RBPs have been shown to interact with CRs and 5
0 -UTRs present in other labile mRNAs, which also contribute to their posttranscriptional regulation. Plasminogen activator inhibitor type-2 (PAI-2) mRNA also has a CR ARE that interacts with the RBP tristetraprolin, resulting in PAI-2 mRNA degradation (65, 66) . Other functional mRNA stability determinants have also been reported in the CRs of many mRNAs, including c-Myc (67), vascular endothelial growth factor (VEGF) (68), u-PAR (69) and c-Fos (70) .
Our results also indicate that HuR association with the XIAP mRNA stabilizes XIAP mRNA, because the half life of XIAP mRNA was decreased in HuR-silenced cells, but it was increased in cells overexpressing HuR. Our observations are consistent with studies demonstrating that HuR binds to the specific ARE motif in its target mRNAs and plays a general role as a mRNA stabilizer, as described for transcripts such as those encoding c-Fos, c-Myc, VEGF, cyclooxygenase-2, p21, p53, NPM, ATF2 and MKP-1 (2, 19, 21, 45) . The most significant finding reported here is that interaction of HuR with the XIAP CR also contributes to the regulation of XIAP expression. As shown in Figures 3 and 4 , manipulating the levels of cellular HuR by its gene silencing or overexpression affected the activity of reporter gene EGFP expressed from not only the pEGFP-XIAP 3 0 -UTR but also the pEGFP-XIAP CR. In polyamine-deficient cells, HuRinduced XIAP expression was also mediated through HuR interaction with both XIAP 3 0 -UTR and CR ( Figure 6) . Although the precise mechanisms whereby HuR stabilizes its target mRNAs have not been fully elucidated, an increasing body of evidence support an emerging model whereby HuR binds to a given mRNA, likely assists in its nuclear export, and protects it from degradation in the cytoplasm (2, 3) . It is important to note that HuR and other Hu/ELAV members have also been shown to regulate the translation of numerous target transcripts (17, (71) (72) (73) . Thus, the possibility remains that HuR could also contribute to modulating XIAP translation. Studies are underway to test this hypothesis.
The data obtained in the present study further indicate that HuR association with the XIAP mRNA in IECs is highly regulated by cellular polyamines. Polyamines are organic cations found in all eukaryotic cells, and their intracellular levels are tightly regulated under physiological and pathological conditions (47) . We recently demonstrated that decreasing cellular polyamines increased the cytoplasmic abundance of HuR by inhibiting the AMPK-regulated phosphorylation and acetylation of importin-a1, whereas increased levels of polyamines decreased cytoplasmic HuR concentration by activating the AMPK-driven importin-a1 pathway (20, 21) . Although the exact mechanism by which HuR regulates XIAP mRNA stability in polyamine-deficient cells is not fully understood, our current studies show that polyamine depletion by DFMO increased [HuR/XIAP mRNA] complexes, which was associated with an induction in XIAP levels. Polyamine depletion also increased the half life of XIAP mRNA, but this effect was completely abrogated in cells in which HuR expression was silenced by transfection with siRNA targeting HuR, which in turn resulted in a marked reduction of XIAP protein. Consistent with our current findings, increased cytoplasmic HuR also interacts with and stabilizes p53, NPM and ATF2 mRNAs in polyamine-deficient cells (19, 21) . Ongoing experiments are testing if the stabilizing effect of HuR on the XIAP mRNA depends on HuR phosphorylation, which was shown to regulate both its subcellular localization and its affinity for target mRNAs (74) .
The HuR-mediated expression of XIAP is of physiological significance, because increased levels of endogenous XIAP by HuR could play an important role in the increased resistance to apoptosis observed after polyamine depletion. Previous studies from our laboratory and other groups (52) (53) (54) (55) have demonstrated that polyamine depletion promotes the resistance of IECs to apoptosis, which is mediated through multiple signaling pathways. Polyamines downregulate NF-kB activity, and depletion of cellular polyamines increases NF-kB transcriptional activity, thus stimulating the expression of c-IAPs (50, 52) . Polyamines are also needed for the inhibition of focal adhesion kinase (FAK) (75) and Akt (53) , as polyamine depletion induces the phosphorylation of FAK and Akt and increases their kinase activities. The data presented in Figure 8 further show that increased levels of endogenous XIAP by HuR also contribute to the increased resistance to apoptosis induced by treatment with TNF-a and CHX in polyamine-deficient cells, since this tolerance was significantly blocked by silencing XIAP or HuR. HuR is shown to have an anti-apoptotic influence (2, 3) , and this effect is implemented via the positive influence of HuR upon the expression of target mRNAs encoding anti-apoptotic factors such as prothymosin a, Bcl-2, Mcl-1, ATF2 and p21. In light of our results reported here, XIAP constitutes another critical downstream effector of the pro-survival program elicited by HuR.
In summary, HuR binds to the XIAP 3 0 -UTR and CR and regulates its mRNA stability in normal IECs. HuR silencing destabilizes XIAP mRNA, thus leading to an inhibition of XIAP expression, whereas HuR overexpression increases the stability of XIAP mRNA, leading to an induction in XIAP levels. The present study also shows that polyamines negatively regulate XIAP expression post-transcriptionally by altering the interaction of HuR with the XIAP mRNA. Polyamine depletion enhances [HuR/XIAP mRNA] association and increases the half life of the XIAP mRNA, thus inducing its expression. Increased levels of endogenous XIAP via HuR also promote the survival of IECs and elevate their resistance to TNF-a/CHX-induced apoptosis after polyamine depletion. Because polyamines are essential for maintaining the integrity of the intestinal epithelium and regulate HuR association with the XIAP mRNA, these findings suggest that polyamine-modulated XIAP expression through HuR is crucial for controlling intestinal mucosal homeostasis under physiologic conditions.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
